Colliding beams with equal intensities and close tunes in either plane can give rise to coherent beam-beam modes. If the beam-beam interaction is the dominant source for transverse nonlinearities, the frequencies of the coherent modes can be outside the continuous frequency spectrum, and are therefore not Landau damped. Coherent beam-beam modes were observed in RHIC in a dedicated experiment and in routine operation. We describe the machine and beam conditions that gave rise to these modes.
Introduction
The beam-beam interaction can give rise to coherent transverse dipole oscillation modes. In the simplest case with only one collision per turn there are two modes per transverse plane. The σ-mode frequency is the same as the betatron frequency without beam-beam interaction, and the π-mode frequency is shifted downwards for particles of the same charge. Alexahin pointed out that the π-mode may not be Landau damped if the beambeam interaction is the dominant source for tune spread and the beam intensities are approximately the same [1] . The tune spread from the beam-beam interactions is the beam-beam parameter ξ while the the π mode is shifted by Y ξ, where Y ≈ 1.3 is the Yokoya factor [2, 3] . Thus the π-mode frequency can be outside the continuous frequency spectrum.
Coupled coherent beam-beam oscillations were already observed in the CERN ISR with unbunched beams and currents of about 30 A [4] [5] [6] [7] . With a beam-beam parameter of ξ = 0.003 beams collided at up to eight points in the ring. The beam-beam interaction modified the threshold of the resistive wall instability, leading to beam losses, typically on a time scale of seconds. Beams with reduced chromaticity, and therefore less tune spread, were found to be more susceptible to the instability.
RHIC is the only existing collider with hadron beams of equal intensities and therefore the only existing hadron machine where π-modes can be expected. Coherent beam-beam modes may also be relevant in future hadron colliders like the LHC and VLHC. σ-and π-modes were created in a RHIC experiment, and were also observed in routine operation 
Coherent Beam-Beam Modes in the Experiment
The beam-beam experiment was aimed at creating and observing coherent beam-beam modes. It was carried out with protons at the injection energy of 23.4 GeV, to allow for fast refills. In the AGS injector the intensity per bunch was maximized and the emittance minimized to obtain the largest possible beam-beam parameter. RHIC was prepared by checking and correcting the closed orbit, the injection conditions and the chromaticities (ξ x , ξ y ). A relatively large linear coupling remained. The experimental conditions are summarized in Tab. 1. In addition to the 28 MHz accelerating rf system, a 197 MHz Landau cavity was used in each ring to suppress coherent longitudinal oscillations, which are otherwise present for long periods of time. With 150 kV gap voltage from the accelerating system, the voltage of the 197 MHz cavity was raised to 60 kV after a bunch was injected, and then lowered to 10 kV. The resulting longitudinal profiles are shown in Fig. 1 . Coherent longitudinal oscillations are likely to disturb the transverse tune measurement and transfer function measurements with the phased locked loop (PLL) system. The PLL tune measurement system has a resolution of better than 10 −5 . Collisions were set up at the 10 o'clock interaction point (IP) only, using orbit monitors, collision signals, and the beam-beam tune shift. At all other interaction points the beams were separated vertically by at least 6 rms beam sizes. The evolution of the beam intensities under collision conditions is shown in Fig. 2 . In Fig. 3 the Phobos collision signal and both transverse tunes of both rings are depicted during the tuning process. When the beams are in collision, the Phobos collision signal rises and all tunes are depressed from the beam-beam interaction. When the beams were separated longitudinally, the Phobos collision signal disappears and the tunes increase again. The measured tune change from the beam-beam interaction of approximately 0.0015 is half the beam-beam parameter ξ. The tunes in both rings were set at almost the same horizontal and vertical tunes (Q x , Q y ).
For the measurement of coherent modes, a single bunch of protons was filled in each ring. Transverse spectra were obtained from up to 4096 turns recorded in a beam position monitor after the blue beam experienced a small kick by the tune kicker, corresponding to about one tenth of an rms beam size. In all cases the beams decohered in about 1000 turns after the kick. The beam-beam interaction can be switched on and off by separating the beams longitudinally at the IP. 
Coherent Beam-Beam Modes in Operation
Coherent beam-beam modes were also observed in routine operation at the beginning of a proton store during tuning for beam lifetime. In operation, bunches encounter four headon collisions per turn. The appearance of coherent beam-beam modes can can be seen in Fig. 6 , where the horizontal and transverse spectra of the Blue beam are seen with and without beam-beam interaction. Note that the tune resolution is only 10 −3 . The spectra were obtained from 1024 consecutive turns after a small kick. The horizontal spectra are shifted upwards for better visibility. The beam parameters are summarized in Tab. 2.
Without beam-beam interaction there are two peaks visible in both planes, corresponding to the two transverse tunes with linear coupling and denoted by σ x and σ y . With beam-beam interaction a π-mode is created for eachσ-mode, with a tune lower by 0.005 compared to the corresponding σ-mode. The difference of 0.005 between the π-and σ-modes is consistent with a beam-beam parameter ξ = 0.0015, four collisions, and a Yokoya factor Y ≈ 1.3.
In Fig. 7 the horizontal and vertical spectra of the Yellow beam are shown with and without beam-beam interaction. In this case too linear coupling is visible, but no π-modes can be distinguished. This may be due to the limited tune resolution of the spectra that were made from only 1024 turns. In the experiment it was found that the π-modes are less pronounced in the Yellow beam spectra (compare Fig. 4 with Fig. 5 ). The π-modes appeared and disappeared as the Blue tunes were changed to improve the beam lifetime. This is shown in Fig. 8 . After the beams were brought into collision, the Blue intensity dropped and π-modes became visible. It is not clear to what extent the existence of the π-modes contributed to the lifetime deterioration. Sharp reductions in the beam lifetime are also observed without the existence of π-modes. After the Blue horizontal tune set point was lowered by 0.003 and the Blue vertical tune set point raised by 0.001, the π-modes disappeared again. Note that the vertical tune set point does not coincide with the measured tune. Changes in the set point are, however, close to measured tune changes. No increases in the transverse emittances were observed with the ionization profile monitor (IPM) during tuning. But only relatively large changes in the emittance are detectable.
Summary
Coherent beam-beam modes were observed in an experiment at RHIC with a beam-beam parameter ξ = 0.003 and a single collision per turn. The measured difference between the σ-and π-modes is consistent with a Yokoya factor of Y ≈ 1.3. The locations of the π-modes could be reproduced in a strong-strong simulation [8] . π-modes were also observed in routine operation with a beam-beam parameter ξ = 0.0015, four collisions per turn and strong linear coupling. The π-modes could be suppressed by small changes in the tune.
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